Introduction
Haem-containing peroxidases from plants, fungi and bacteria are evolutionarily related [ 11. They are built from two structural domains enveloping ferric protoporphyrin IX and contain 11 conserved helices. The two domains, it appears, originated from an early gene duplication event [2] . The general picture of these peroxidases has emerged largely from the crystal structure of mitochondria1 yeast cytochrome c peroxidase (CCP) [3] and the alignment of a large number of amino acid sequences. The latter also showed that three distantly related classes or evolutionary branches of peroxidases exist: intracellular peroxidases of prokaryotic origin (class I), fungal (class 11) and plant (class 111) peroxidases targeted for the secretory pathway via the endoplasmic reticulum [ 11. Figure  1 shows examples of two distinct peroxidases from each class. Each pair shows very different reactivity, despite the fact that they are 40-45% identical in amino acid sequence. In the present paper we discuss the structural basis for these distinct differences. We show that the electrostatic potential imposed by the apo-protein on the haem active site can be very different for such a pair of similar peroxidases.
Methods
Atomic co-ordinates for CCP (2CYP) [3] , Phanerochaete chrysosporium peroxidase (PCI,) (1LGA) [4] and Coprinus cinereus peroxidase (CIP) (1ARP) [5, 6] were obtained from the Hrookhaven Protein Database. CIP and Arthromyces rumosus peroxidase (ARP) are identical [S-7] , despite the fact that ARP residue numbers [S] are listed as one higher than for CIP [6] . ARP was claimed to contain an additional Gly near the N-terminus [ 51. However Asp, Glu and the C-termini to -1, and the two calcium ions of PCI, and CIP to +2. As the purpose of this study was to compare the influence of the different apo-proteins on the haem active site, haem and water molecules of the distal cavity were uncharged and treated as part of the protein continuum. The marked polarity of a-helices was assumed to contribute equally to the potentials of the three peroxidases, as the helices are conserved.
The electrostatic potentials at the sites of distal Arg-48 or proximal Asp-235 were calculated in the same way, except that the site of analysis was uncharged. CCP residue numbers are used throughout unless otherwise noted.
Results and discussion

Conserved residues
In Figure 1 invariant and conserved residues are indicated that are common to all known peroxi- shows invariant residues in capital letters, and highly conserved residues in lower-case letters. A gap is shown by a dash, and every tenth residue is underlined. The fungal peroxidases extend into a small C-terminal domain, the sequence of which is not shown.
-- Two calcium ions are also known to be present in many plant peroxidases. We previously predicted that the two sites were conserved between the plant and fungal peroxidases due to the sequence similarity illustrated in Figure 1 , and that the two sites in a single molecule originated from the gene duplication event [2] . [13] [14] [15] .
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Electrostatic potentials, pK,, values and redox potentials
The electrostatic potentials of the two fungal peroxidases, PCI, and CIP, and of mitochondria1 CCP in solution at neutral pH, are shown in Figure 2 . The electrostatic potentials at selected sites imposed by the apo-proteins, treating haem as an uncharged protein continuum, are compared in Table 1 , which also lists PI and net charges of the peroxidases at neutral pH. Although PCL and CIP have similar isoelectric points and are 45% identical in their amino acid sequences (Figure l) , the electrostatic potentials at their haem active sites are strikingly different. CIP has a positive, PCL a negative and CCP an electrostatic potential intermediate between the two. Comparing these potentials allows us to draw qualitative conclusions as to the influence of the apo-protein on active-site PKA values and redox potentials.
Lignin peroxidase PCL at all sites is more negative than CCP and much more negative than CIP (Table 1) . This means that the acid forms of Arg, His, Asp and haem propionates are more favoured in PCL than in CCP and CIP, or that the pKA values of the active-site groups show the relationship PCL > CCP > CIP, except for distal His where PCL = CCP > CIP. The electrostatics calculations also predict that proximal His of PCI, has less imidazolate character than that in CCP and CIP, which are similar at this site. The absolute changes in electrostatic potentials and pK, values cannot be calculated for different peroxidases, as they will depend on (minor) structural differences. However, they can be calculated by comparing a wild-type enzyme and its mutants [ 1 11.
Different electrostatic potentials imposed on the redox centre will also affect the redox potentials of the couples ferric/ferrous (3/2), ferryl (cpdII)/ ferric (4/3) and porphyrin n-cation-ferry1 (cpdI)/ ferryl (cpdII) (514). The more negative potential of PCI, than of CCP and CIP at the iron and the haem (Table 1) will stabilize a positive iron, and hence increase the ability of PCI, to abstract an electron from a substrate relative to CCP and CIP, meaning that E,, is predicted to be more positive (CIP < CCP < PCL). The known E,, values [13, 15, 16] seem to support this prediction. The E, of the redox couples are linked with active-site pK, values in such a way that removing a proton (increase in pH) will ease also removing an electron (Eo decreased) from the redox centre [13-151, for thermodynamic reasons.
Different reactivities of pairs of similar peroxidases
Haem-type and active-site residues are invariant in the plant peroxidase superfamily, as illustrated by CCP, PEA, CIP, PCL, HRP C and BP 1 in Figure  1 , and cannot account for the different reactivities of these peroxidases with peroxides and haem ligands. The class I peroxidases CCP and PEA are highly specific in their ways of eliminating hydrogen peroxide from their respective intracellular compartments, as indicated in their names. Both may abstract electrons from cytochrome c or ascorbate via Trp-19 1, and have nearby substrate binding sites at the most accessible haem edge [ 171.
The class I1 peroxidases lignin-degrading PCL, and CIP which is rather similar to HRP C in its reactions, differ clearly at their substrate binding sites. PCL has a narrow and CIP a wide channel to the haem distal cavity [5, 6] . However, the most striking differences between the two are (i) their pH ranges, as PCI, reacts with peroxide over a wide range but only near pH 3 with reducing substrates, whereas CIP reacts with peroxide and reducing substrates pH 5-1 1, and (ii) PCL can oxidize veratry1 alcohol and has higher oxidation potential than CIP [15, 16] . The higher redox potentials of PCL compounds are supported by the marked negative electrostatic potential exerted by apo-PCL at the redox centre (Table 1) . The difference in pHdependence is most likely the result of structural differences near the haem, although we predict that all PCL active-site PKA values are higher than for CIP. PCL has three additional pH-sensitive groups: Asp-183 interacting with propionate A, and an ion pair His-82-Glu-146 fencing the haem access channel [4] . In CIP the Soret absorption maximum wavelength changes from 405 nm at pH 6.0 to 393 nm at pH 3.6 and is accompanied by loss of activity Table I. (4 Volume 23 . Since the crystal structures are unknown for plant peroxidases, the contributions to these distinct differences from structure and from electrostatic potentials cannot be evaluated at the present.
Conclusions
We suggest (i) that the conserved His-Asx H-bonding networks at the distal and proximal sides of haem in peroxidases serve to delocalize charges during peroxidase reactions, thereby reducing the free energy or stabilizing both resting state and intermediates, and (ii) that essential properties of haem peroxidases such as redox potentials, pH optima and stability are strongly influenced also by medium-and long-range electrostatic forces and can be modulated in a predictable way by mutation of charged residues.
Introduction
It is becoming increasingly apparent that catalysis by the extracellular fungal peroxidase, lignin peroxidase (Lip), involved in the oxidative degradation of polymeric lignin, can be significantly enhanced by the addition of the fungal secondary metabolite veratryl alcohol (VA; 3,4-dimethoxybenzyl alcohol).
Lip is a haem-containing glycoprotein, structurally similar to horseradish peroxidase (HW) ( [7, 8] . However, the mechanism by which VA participates in enhancing the reactivity of this enzyme has not been satisfactorily resolved and forms the subject of this paper. Reaction enhancement of Lip catalysis with VA was first demonstrated using the monomethoxylated aromatics 4-methoxymandelic acid (4-MA) and anisyl alcohol in 1986 [9] . Since then a [18] and lignin [ 19, 201 . Indeed, the oxidative depolymerization of lignin occurs only in the presence of VA [20] . On the other hand, VA, which is a dimethoxylated aromatic compound, is also readily oxidized by LIP at the expense of H,Oz 1211. In an aerobic environment in the absence of any other reductants, veratraldehyde is the major product, oxygen is consumed [22] , and minor quantities of quinones and muconic acid derivatives can be identified [23] .
The simplest explanation for reaction enhancement of Lip catalysis by VA derives from the realization that radical cations can act as charge transfer agents [24] (eqn. 1) and that the immediate products of the Lip-catalysed oxidation of VA are radical cations (VA+ ').
However, a satisfactory rationale which is able to explain all the observed data has not yet been achieved due to uncertainty over the mechanism by which VA is oxidized by Lip, the properties of VA+', and whether VA+' are indeed products of the Lip-catalysed oxidation of VA. 
